The effect of ultra-fast heating on the microstructures of steel has been thoroughly studied over the last year as it imposes a suitable alternative for the production of ultra high strength steel grades. Rapid reheating followed by quenching leads to fine-grained mixed microstructures. This way the desirable strength/ductility ratio can be achieved while the use of costly alloying elements is significantly reduced. The current work focuses on the effect of ultra-fast heating on commercial dual phase grades for use in the automotive industry. Here, a cold-rolled, low-carbon, medium-manganese steel was treated with a rapid heating rate of 780 • C/s to an intercritical peak temperature (760 • C), followed by subsequent quenching. For comparison, a conventionally heated sample was studied with a heating rate of 10 • C/s. The initial microstructure of both sets of samples consisted of ferrite, pearlite and martensite. It is found that the very short heating time impedes the dissolution of cementite and leads to an interface-controlled α → γ transformation. The undissolved cementite affects the grain size of the parent austenite grains and of the microstructural constituents after quenching. The final microstructure consists of ferrite and martensite in a 4/1 ratio, undissolved cementite and traces of austenite while the presence of bainite is possible. Finally, it is shown that the texture is not strongly affected during ultra-fast heating, and the recovery and recrystallization of ferrite are taking place simultaneously with the α → γ transformation.
Introduction
Over the last decades, the advanced high strength steels (AHSS) and ultra high strength steels (UHSS) [1] [2] [3] [4] have taken over the automotive industry, as they impose the best solution for the ever-demanding need to produce better materials. Their success lies on the fact that they combine the effects of their chemical composition and thermal processing in order to achieve the desired strength/ductility ratio. Some of these grades achieve the desired properties thanks to alloying elements such as carbon, aluminum and manganese while other grades rely on phase transformation effects such as the transformation induced plasticity (TRIP) effect. Nevertheless, it is well known that the mechanical properties of all these grades are improved with the refinement of the microstructure.
It is safe to assume that from the AHSS grades, the dual phase steel grades are the most commonly used in the production of automotive parts. These grades rely on the ratio of martensite and ferrite for the achievement of the desired properties. The current work focuses on the production of such grades via ultra-fast heating (UFH). This heating treatment was first introduced by Cola et al. and Lolla et al. [5] [6] [7] [8] and since it has been thoroughly studied over the last years. Papaefthymiou et al. [9] have shown that the UFH of medium carbon CrMo steels results in a multiphase fine microstructure consisting of martensite, bainite, undissolved cementite and retained austenite with grain average diameter less than 2 µm. The reason is that the ferrite to austenite phase transformation during ultra-fast heating creates chemically and structurally (morphologically) heterogeneous austenite with very fine grains, which transform after quenching to mixtures of bainite and martensite, while finely dispersed carbides remain partly dissolved or in their initial condition [10] . The presence of bainite in the microstructure was studied also by Banis et al. [11] and Cerda et al. [12] . They have shown the refinement of the prior austenite grains and inhomogeneous chemical composition can enable formation of bainite during quenching. Papaefthymiou et al. [13] and Bouzouni et al. [14, 15] studied the kinetics of the carbide dissolution in a UFH steel. They observed partial dissolution of carbides despite short-range diffusion and ultrashort annealing time. The rate of carbide dissolution depends on the segregation of substitutional elements (Cr, Mn, Mo). Kaluba et al. [16, 17] and Aaronson et al. [18] claimed that a massive transformation takes place during UFH. This α → γ transformation takes place without carbon enrichment of austenite, as there is no sufficient heating time for the dissolution of carbides and carbon diffusion. According to this massive transformation mechanism, the austenite nucleation takes place with a supposed bainitic transformation mechanism, which is not controlled by the carbon distribution and diffusion in the microstructure but by the movement of the interfaces. In this case, the driving force for the nucleation is the concentration gradient of carbon within the ferrite grains and its segregation on the grain boundaries creating a difference in the Gibbs free energy (∆G) making this transformation thermodynamically possible. This was supported in the work of Savran [19] and Cerda et al. [20] . The presence of substitutional atoms, such as Cr and Mn, also tend to segregate at the interfaces modifying the local equilibrium [21] [22] [23] [24] [25] [26] . Cerda et al. [26, 27] have also thoroughly studied the effect of the heating rate on the recrystallization of ferrite. Their research has shown that the onset of ferrite recrystallization is shifted to higher temperatures with increasing heating rate. This means that the recrystallization process has not finished as the Ac1 temperature is reached and it is overlapping the austenitization process. Therefore, depending on the heating rate and the peak temperature, different fractions of recovered ferrite are expected in the microstructure. Concerning the grain size, according to Papaefthymiou et al. [9] , significant heterogeneity is expected in the size of the prior austenite grains (PAGs). As the γ to α transformation takes place in the PAG boundaries depending on their orientation relationship [28] , smaller PAGs will lead to increased fraction of grain boundaries and thus increased possible nucleation sites for the γ to α (martensite/bainite) transformation.
The scope of this article is an overall analysis of the microstructure evolution of a low carbon, medium manganese steel subjected to ultra-fast heat treatment in the intercritical region. The study is focused on the microstructural constituents, their grain size and crystallographic texture. Comparison of this analysis with a conventionally heat-treated sample is imperative in order to better understand the phenomena that take place.
Materials and Methods
In order to examine the microstructure evolution under ultra-fast heat treatment a cold-rolled, low carbon, medium manganese steel was used. The chemical composition can be seen in Table 1 . Controlled-heating experiments were performed using a Gleeble 3800 Thermo-Mechanical Simulator (Dynamic Systems Inc., Poestenkill, NY, USA). Gleeble systems are based on resistance heating. Alternating electrical current is passed directly through the specimen resulting in its heating via the Joule effect. Extremely rapid and precise temperature control enables to create exact thermal profiles needed to conduct accurate simulations. The Gleeble varies both the peak current and power angle in order to follow the programmed thermal cycle. The sample dimensions were 100 mm × 14 mm while the thickness of the rolled sheets was 1 mm. The temperature was controlled by a K-type thermocouple, which was spot-welded to the midsection of each processed sample. The heat treatment data were recorded with the frequency of 100 Hz. Heating/cooling rate was calculated as the slope of the experimental temperature-time plots.
The thermal cycles corresponding to the conventional (CH) and the ultra-fast (UFH) heat treatments are presented in Figure 1 . The intercritical peak temperature of 760 • C was chosen, so austenite transformation is expected in both treatments. From the phase diagrams, it is calculated that the austenite fraction at this temperature is 20%. For both samples, an isothermal soaking at 300 • C for 30 s was applied. This soaking has no effect on the microstructure but is necessary for a more homogeneous heating of the sample. It also simulates a preheating stage in some industrial continuous annealing lines. The initial microstructure of both samples consisted of 87% ferrite, and 13% pearlite and martensite as shown in optical microscopy (OM) and SEM images (Figure 2a consisted of a heating with rate of 10 °C/s to the peak temperature followed by quenching, while the heating rate of the ultra-fast heat treatment (UFH) was 780 °C/s. For both treatments, the isothermal soaking time was 0.2 s. Figure 1 . The parameters of both applied heat treatments. The conventional heat treatment (CH) consisted of a heating with rate of 10 • C/s to the peak temperature followed by quenching, while the heating rate of the ultra-fast heat treatment (UFH) was 780 • C/s. For both treatments, the isothermal soaking time was 0.2 s. Figure 1 . The parameters of both applied heat treatments. The conventional heat treatment (CH) consisted of a heating with rate of 10 °C/s to the peak temperature followed by quenching, while the heating rate of the ultra-fast heat treatment (UFH) was 780 °C/s. For both treatments, the isothermal soaking time was 0.2 s. 
Results and Discussion

Microstructure Comparison
The microstructure of both samples was observed with optical microscopy (OM) and SEM. From OM images (Figure 3a,b) , it is seen that both CH and UFH samples consist of martensitic islands and undissolved cementite embedded into ferritic matrix. The pearlitic colonies in the UFH sample ( Figure 3b ) appear to remain unaffected by the heat treatment and retain their cold-rolled banded morphology from the initial microstructure (Figure 2a ). The ferrite grains are more equiaxed in the CH sample, while in the UFH sample they appear to retain the shape of the cold-rolled microstructure. SEM images (Figure 3c,d) show that the microstructure appears more refined in the UFH (as discussed later in this paper) while the disintegration of pearlite is not as pronounced as in the CH sample, since cementite is present in the lamellar and spheroidized forms. The samples for the microstructure characterization were cut from the homogeneously heat-treated zone of the Gleeble specimens. Then they were ground and polished to a mirror-like finish using 6 µm and 1 µm diamond pastes and etched in a chemical solution of 2% v/v HNO 3 in ethanol (Nital 2%) for 5-8 s at 20 • C to reveal the microstructure. For transmission electron microscopy (TEM) and transmission Kikuchi diffraction (TKD) analysis, disk samples were cut from the Gleeble specimens. Then they were manually ground to a thickness of 100 µm and ion milled using a precision ion polishing system (PIPS).
For scanning electron microscopy (SEM) analysis, a FEI Quanta TM 450-FEG-SEM (FEI Company, Hillsboro, OR, USA) operating at 20 kV and spot size 5 in SE (BSE) mode was used. The same microscope was used for electron back-scatter diffraction (AMETEK Materials Analysis Division, Mahwah, NJ, USA) analysis operating under the following settings: The accelerating voltage was 20 kV with a beam current corresponding to a spot size of 5, aperture size of 30 µm and working distance of 7 mm. The resulting patterns were acquired on a hexagonal scan grid by a Hikari detector operated with EDAX TSL-OIM-Data Collection version 6 software (AMETEK Materials Analysis Division, Mahwah, NJ, USA). The EBSD scans were performed at a step size of 50 nm. The corresponding orientation data were post-processed with EDAX-TSL-OIM-Data Analysis version 7 software (AMETEK Materials Analysis Division, Mahwah, NJ, USA) using the following grain definition: Misorientation with neighboring grains higher than 5 • , minimum number of points per grain was 2 and confidence index (CI) higher than 0.1. The raw EBSD data were post-processed (cleaned) to re-assign the dubiously indexed points using the grain confidence index standardization and neighbor CI correlation procedure. Based on the EBSD data, the prior austenite grains were reconstructed by means of the ARPGE software developed by C. Cayron [29] . The transmission Kikuchi diffraction (TKD) was performed using the same equipment. The working distance was set to 5 mm and the step size to 20 nm. A Jeol JEM-2200FS, 200 kV field emission transmission electron microscope (JEOL Ltd., Tokyo, Japan) was used for the TEM analysis. The continuous cooling transformation (CCT) diagrams were plotted using the models of Kirkaldy [30, 31] and Bhadeshia [32] and were calculated taking into account the chemical composition of the steel and the grain size of the parent austenite.
Results and Discussion
Microstructure Comparison
The microstructure of both samples was observed with optical microscopy (OM) and SEM. From OM images (Figure 3a,b) , it is seen that both CH and UFH samples consist of martensitic islands and undissolved cementite embedded into ferritic matrix. The pearlitic colonies in the UFH sample Figure 3b ) appear to remain unaffected by the heat treatment and retain their cold-rolled banded morphology from the initial microstructure ( Figure 2a ). The ferrite grains are more equiaxed in the CH sample, while in the UFH sample they appear to retain the shape of the cold-rolled microstructure. SEM images (Figure 3c,d) show that the microstructure appears more refined in the UFH (as discussed later in this paper) while the disintegration of pearlite is not as pronounced as in the CH sample, since cementite is present in the lamellar and spheroidized forms. (Figure 4c,d ). Concerning the phase transformation at the α/α interfaces, it appears that the nucleation of austenite takes place without carbon enrichment, as there is no apparent carbon source (cementite) nearby, and thus the martensite is expected to have very low carbon content. This was studied by Savran [19] who explained thermodynamically that the driving force for this nucleation is the carbon gradient inside a ferritic grain, as carbon is segregated on the grain boundaries. She also showed that during heating in the temperature range temperatures between the Ac1 and Ac3, the maximum carbon content of ferrite is decreasing according to the Fe3C diagram. This rejected carbon also contributes to the local chemical heterogeneity being a driving force for austenite nucleation. As this phenomenon is happening for both slow and ultra-fast heating rates, it can be assumed that it is not affected by the heating rate although the diffusion and segregation of alloying elements depend on it [13] [14] [15] . The segregation of alloying elements, such as chromium (Cr) and manganese (Mn), on the interfaces of ferrite is studied using energy dispersive X-ray spectrometry (EDXS) in TEM. (Figure 4c,d ). Concerning the phase transformation at the α/α interfaces, it appears that the nucleation of austenite takes place without carbon enrichment, as there is no apparent carbon source (cementite) nearby, and thus the martensite is expected to have very low carbon content. This was studied by Savran [19] who explained thermodynamically that the driving force for this nucleation is the carbon gradient inside a ferritic grain, as carbon is segregated on the grain boundaries. She also showed that during heating in the temperature range temperatures between the Ac1 and Ac3, the maximum carbon content of ferrite is decreasing according to the Fe 3 C diagram. This rejected carbon also contributes to the local chemical heterogeneity being a driving force for austenite nucleation. As this phenomenon is happening for both slow and ultra-fast heating rates, it can be assumed that it is not affected by the heating rate although the diffusion and segregation of alloying elements depend on it [13] [14] [15] . The segregation of alloying elements, such as chromium (Cr) and manganese (Mn), on the interfaces of ferrite is studied using energy dispersive X-ray spectrometry (EDXS) in TEM. The pearlite was studied under TEM for both samples. Similar to the outcomes of the SEM analysis, undecomposed pearlite is observed in both samples. In the CH sample ( Figure 5a ), pearlite is found in both lamellar and spheroidized morphologies with the latter prevailing. In the UFH sample (Figure 5b ), the lamellar form of pearlite is found in the larger fraction than the spheroidized one. This observation can be rationalized based on shorter heating time during UFH treatment. According to different theories of spheroidization [33] , a chemical potential gradient leads to a curvature in the lamellar interface. Atoms move from the curvature of a lamella through diffusion to the flat interfaces of neighboring or the same plates and eventually lead to the break of the lamellar plate. The curvature of the plates can be seen in Figure 5a for the UFH sample. From the EDXS analysis, it is seen that alloying elements such as manganese and chromium are concentrated in the cementite of the microstructure. This is in accordance with the results of Papaefthymiou et al. [9] who predicted the accumulation of these elements in cementite by simulation using Thermo-calc and Dictra software. It is seen from the EDX line scans in Figure 5c ,d that the calculated mass % intensity for Cr and Mn was higher in the cementite lamellae and spheres compared to that of the adjacent ferritic matrix. The same was observed for the CH sample in Figure 5f ,g. From those figures, it can also be seen that the spheroidization process was more pronounced in the CH samples compared to the UFH sample. Figure 5e , shows that the mass % intensity of Cr and Mn was increasing near the grain boundaries of three ferrite grains. This leads to nucleation of austenite and, after quenching, The pearlite was studied under TEM for both samples. Similar to the outcomes of the SEM analysis, undecomposed pearlite is observed in both samples. In the CH sample (Figure 5a ), pearlite is found in both lamellar and spheroidized morphologies with the latter prevailing. In the UFH sample (Figure 5b ), the lamellar form of pearlite is found in the larger fraction than the spheroidized one. This observation can be rationalized based on shorter heating time during UFH treatment. According to different theories of spheroidization [33] , a chemical potential gradient leads to a curvature in the lamellar interface. Atoms move from the curvature of a lamella through diffusion to the flat interfaces of neighboring or the same plates and eventually lead to the break of the lamellar plate. The curvature of the plates can be seen in Figure 5a for the UFH sample. From the EDXS analysis, it is seen that alloying elements such as manganese and chromium are concentrated in the cementite of the microstructure. This is in accordance with the results of Papaefthymiou et al. [9] who predicted the accumulation of these elements in cementite by simulation using Thermo-calc and Dictra software. It is seen from the EDX line scans in Figure 5c ,d that the calculated mass % intensity for Cr and Mn was higher in the cementite lamellae and spheres compared to that of the adjacent ferritic matrix. The same was observed for the CH sample in Figure 5f ,g. From those figures, it can also be seen that the spheroidization process was more pronounced in the CH samples compared to the UFH sample. Figure 5e , shows that the mass % intensity of Cr and Mn was increasing near the grain boundaries of three ferrite grains. This leads to nucleation of austenite and, after quenching, martensite. Nevertheless, concerning the slow heating, a homogenization of the topical chemical composition takes place due to the longer heating time, as it can be seen from the results of the EDXS analysis ( Figure 5h ) of the CH sample. 
Microstructural Constituents Analysis
EBSD analysis was conducted in order to determine the constituents present in the microstructure. Pearlite (cementite) was not included in the scans as it is not easily recognized by the software. In Figure 6a ,b, the image quality (IQ) maps of the CH and UFH samples are shown respectively. It can be clearly seen that the CH treatment leads to larger, equiaxed ferrite grains. Bands from the cold rolling are visible in both maps and in the UFH appear in bigger fraction. In Figure 6c ,d, the IQ maps are shown with colored grain average image quality (GAIQ). This means that grains that are less distorted will produce clearer diffraction patterns during the scan, which translate to higher IQ. In this case, these grains are ferritic and appear in red, orange and yellow color. More distorted lattices, which are typical for martensite and recovered ferrite, produce low quality diffraction patterns and thus appear in dark green. Finally, pearlitic colonies produce the lowest quality diffraction patterns and appear as blue in these maps [34, 35] . According to these, in Figure 6c it is shown that in the CH sample the large equiaxed ferrite grains have high IQ as they appear in red, orange and yellow, and they cover the largest area of the scan. The lowest IQ colors appear inside the bands of the cold rolling and correspond to martensite, pearlite and recovered ferrite. For the UFH sample in Figure 6d , the case is different. High IQ grains are scarce and the main area of the scan consists of recovered ferrite and pearlite with low IQ. From the IQ alone, it is difficult to distinguish the martensite from the recovered ferrite, so a different approach had to be made. In Figure 6e ,f, the grain average image quality map is shown in grayscale with different misorientation angles included. According to [9, 13] , misorientation angles between 17-47 • (black) correspond to ferrite, 48-55 • (red) correspond to bainite and 56-65 • (blue) correspond to martensite. From the supporting charts in Figure 6g ,h, bainitic grains were also expected in the microstructure.
Austenite was also found in the microstructure of both samples. Figure 7a ,b show the phase maps for CH and UFH samples, respectively, which indicate the existence of similar traces of retained austenite in both samples in a very small fraction. Specifically, the amount of retained austenite in the CH sample was 1.1% while in the UFH sample was 0.7%. It is worth mentioning that in both samples the retained austenite is located in the highly deformed pearlitic colonies. In these areas, the local carbon content is higher due to their proximity to the carbon source (cementite). Therefore, the formed austenite was expected to have higher carbon concentration. This leads to a decrease of the local Ms temperature promoting the retainment of austenite in these areas. Due to the chemical composition of the steel, higher fractions of austenite were not expected in the microstructure.
Texture and Recrystallization Analysis
EBSD analysis was performed to study the effect of UFH treatment on the texture and recrystallization of the steel. In Figure 8 , the most important body centered cubic (BCC) texture components in the ϕ2 = 45 • section of Euler space are shown next to the Orientation Distribution Function (ODF) maps of the cold-rolled initial material (IM), the CH sample and the UFH sample. As it appears, the ODF map of the UFH sample is slightly different than that of the initial material (IM). The components of the cold-rolled material have remained unaffected during UFH. On the other hand, the ODF map of the CH appears quite different than those of the IM and the UFH sample. The main reason for this, is the recrystallization of ferrite that takes place on a much larger scale during conventional heating. As it was mentioned by Cerda et al. [26, 27, 36] , during UFH, the recrystallization of ferrite takes place simultaneously (overlaps) with the phase transformation and therefore, the main fraction of ferrite maintains its cold-rolled texture. Main components, such as the (001)[110] and the (001) [110] , remain unaffected during UFH as they are frequently present and show a maximum frequency in the texture of both the IM and the UFH sample. The story is similar for components on the ND fiber such as the (554)[225], (111) [121] and (111)[112] that appeared in high frequency in the texture of all three samples. To further analyze this, the grain average misorientation (GAM) map (Figure 9a,b) as well as the kernel average misorientation (KAM) [37] map (Figure 9c,d) were plotted. The former shows the fraction of misorientations inside each grain, while the latter shows the local orientation gradient due to dislocations present in the scanned area. Recrystallized ferrite grains should have low average misorientation and, thus, appear in blue, while the recovered ferrite and martensite appear in green. Local misorientation can be characterized using a misorientation Kernel approach. For a given point, the average misorientation of that point with all of its neighbors is calculated with the provision that misorientations exceeding some tolerance value (maximum misorientation) are excluded from the averaging calculation. Therefore, the KAM map can offer a qualitatively distribution of the strain in the material based on the local misorientations that occur due to strain. During recrystallization, these dislocations mobilize forming new grains and thus the recrystallized ferrite appears free of dislocations. Before the completion of this process, these grains can be located from the dislocations that surround them, before they turn into grain boundaries. This is further explained later in this article under TKD analysis. According to Peranio et al. [38] and Humphreys et al. [39] , the most important driving force for recovery and recrystallization is the reduction of strain energy within the ferrite grains, which takes place through a reduction of dislocation density. In addition, the low angle grain boundaries (LAGB) that are expected in recovered ferrite were included in the GAM map with red color in order to further distinguish the two types of ferrite. According to these EBSD maps and from the texture analysis, it was calculated that the recrystallization of ferrite was much more pronounced in the CH sample than in the UFH sample. In specific, it was calculated from the IQ and GAM maps that the area fraction of recrystallized ferrite for the CH sample was 77.4%, while the fraction of recovered ferrite was 8.6%. The remaining fraction (14%) was considered to be martensite and pearlite (cementite). In the case of UFH, the fraction of recrystallized ferrite was calculated as 23.7%, of recovered ferrite as 54.5% and of martensite plus pearlite as 21.8%. From these calculations it is seen that the fraction of martensite in the UFH sample was somewhat higher than that in the CH sample. This result is in contradiction with the previous research [9, 13, 40, 41] where it was supported that the increase of the heating rate leads to an increase in the Ac1 temperature and thus, less martensite is expected in the microstructure of the UFH sample than in the CH sample. Though, the difference can be explained by the lack of recrystallization of ferrite in the UFH sample. According to [36] , the phase transformation in deformed ferrite is faster than in recrystallized ferrite as it provides an increased number of nucleation sites for austenite formation. The deformation also reduced the nucleation energy barrier between α/γ interfaces by increasing the strain energy. This strain energy is the driving force for both recrystallization and phase transformation [42, 43] . Finally, the deformed ferrite contains a larger number of dislocations and grain boundaries. These lead to a dislocation pipe diffusion of carbon, which favors thermodynamically the phase transformation of austenite [44] . Cerda [45] and Meshkov [46] related this phenomenon to the spheroidization of cementite that takes place in CH. Thus, the higher fraction of martensite in the microstructure of the UFH sample can be explained even though the transformation temperatures have shifted to higher levels than those expected in equilibrium conditions. Further analysis of the recovery and recrystallization of ferrite was performed using the TKD method. From the maps in Figure 10 , it appears that during the heating of the CH, the dislocations move and start to accumulate forming Low Angle Grain Boundaries (LAGBs) shown in white lines. With increased heating time (i.e., slower heating rate), the recovery and recrystallization phenomena can take place and these boundaries are expected to become High Angle Grain Boundaries (HAGBs) (black lines) in order to form new grains with lower strain internal energy and free of dislocations (Figure 10b Figure 10c , it appears that these dislocation 'walls' are responsible for orientation gradients within a single grain. The case is not the same for the UFH sample. In these maps martensite was removed as it reached an image quality lower than 0.1 and appears as black areas in Figure 10d -f. In this case, the dislocation density was high in the ferritic grains neighboring to martensite grains. This is expected due to the difference of the hardness between martensite and ferrite [37] . The 'walls' that appear in the CH sample were also not observed in the UFH sample. This means that, after heating with very high rates, the dislocations were not affected indicating that recovery and recrystallization of ferrite was impeded. Metals 2019, 9, 
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Grain Size Analysis
EBSD was used for the grain size analysis. Three scans for each condition (CH and UFH) were obtained with a scan size of 40 µm × 40 µm. For the CH treatment, the scans included an average of 7059 grains while the scans for the UFH treatment included an average of 9818 grains. The ARPGE 2.4 software, developed by C. Cayron [29] in École Polytechnique Fédérale de Lausanne-Laboratoire de Métallurgie ThermoMécanique (EPFL-LMTM), was used in automatic mode to plot the grain boundary (GB) maps of the reconstructed prior austenite grains (PAGs) for both samples and are shown in Figure 11a ,d. The average number of grains analyzed by the software was 43 for the CH and 55 for the UFH. For the UFH (Figure 11d ), these PAGs combined with the proeutuctoid ferrite have significantly smaller size than the CH sample. In particular, the average calculated grain area for the PAGs was 71.87 µm 2 for the CH and 64.43 µm 2 for the UFH. After quenching, the final microstructure had a grain average area of 17.27 µm 2 for the CH and 12.61 µm 2 for the UFH. The reason for these smaller austenite grains is most likely that austenite nucleates at the interface of undissolved carbides with ferrite and at ferrite/ferrite interfaces, therefore smaller PAGs lead to finer microstructure [9] . Moreover, undissolved pearlite-spheroidized cementite has a pinning effect, thus, impeding further the growth of austenite grains by impeding the movement of austenite interfaces [38, 39] . This effect can be seen in Figure 12a for the CH sample and Figure 12b for the UFH sample. In the former, the disintegration and spheroidization of pearlite is visible with very fine ferrite grains in between, while in the latter, the dissolution of pearlite is even less pronounced and cementite partly maintains its lamellar form. After quenching, the microstructural constituents mostly had an average grain area of 17.3 µm 2 for the CH and 12.6 µm 2 for the UFH sample. 
EBSD was used for the grain size analysis. Three scans for each condition (CH and UFH) were obtained with a scan size of 40 μm × 40 μm. For the CH treatment, the scans included an average of 7059 grains while the scans for the UFH treatment included an average of 9818 grains. The ARPGE 2.4 software, developed by C. Cayron [29] in École Polytechnique Fédérale de Lausanne-Laboratoire de Métallurgie ThermoMécanique (EPFL-LMTM), was used in automatic mode to plot the grain boundary (GB) maps of the reconstructed prior austenite grains (PAGs) for both samples and are shown in Figure 11a ,d. The average number of grains analyzed by the software was 43 for the CH and 55 for the UFH. For the UFH (Figure 11d ), these PAGs combined with the proeutuctoid ferrite have significantly smaller size than the CH sample. In particular, the average calculated grain area for the PAGs was 71.87 μm 2 for the CH and 64.43 μm 2 for the UFH. After quenching, the final microstructure had a grain average area of 17.27 μm 2 for the CH and 12.61 μm 2 for the UFH. The reason for these smaller austenite grains is most likely that austenite nucleates at the interface of undissolved carbides with ferrite and at ferrite/ferrite interfaces, therefore smaller PAGs lead to finer microstructure [9] . Moreover, undissolved pearlite-spheroidized cementite has a pinning effect, thus, impeding further the growth of austenite grains by impeding the movement of austenite interfaces [38, 39] . This effect can be seen in Figure 12a for the CH sample and Figure 12b for the UFH sample. In the former, the disintegration and spheroidization of pearlite is visible with very fine ferrite grains in between, while in the latter, the dissolution of pearlite is even less pronounced and cementite partly maintains its lamellar form. After quenching, the microstructural constituents mostly had an average grain area of 17.3 μm 2 for the CH and 12.6 μm 2 for the UFH sample. According to the sizes of the PAGs calculated from EBSD, the CCT diagrams were plotted using the models of Kirkaldy [30, 31] and Bhadeshia [32] . From these diagrams, the transformation starting temperatures for bainite (B s ) can be seen in Figure 13 . During the calculation, the chemical composition was assumed homogeneous and the grain size varied between 1 and 8 µm. The grain size was selected based on the average grain sizes that were calculated from the EBSD. The calculations were also made assuming equilibrium conditions. From this diagram it can be concluded that as the grain size of the parent austenite was decreasing, the curve showing the position of the B s shifted to the left (i.e., decreasing the incubation time), thus enabling formation of bainite during quenching with rates between 10 and 100 • C/s. This supports the aforementioned presence of bainite in the microstructure, as was indicated in the EBSD analysis. According to this model, the M s temperature for the given chemical composition was 310 • C. Papaefthymiou et al. [9] have shown that during UFH treatment, heterogeneity is expected not only in the grain size but also in the chemical composition. However, calculations were based on the assumption of the homogeneous grain structure, homogeneous chemical compositions and equilibrium conditions. Therefore, the theoretical results were expected to differ from the experimental ones, as microstructure formed during UFH treatment was characterized by an inhomogeneous grain size and chemical gradients. According to the sizes of the PAGs calculated from EBSD, the CCT diagrams were plotted using the models of Kirkaldy [30, 31] and Bhadeshia [32] . From these diagrams, the transformation starting temperatures for bainite (Bs) can be seen in Figure 13 . During the calculation, the chemical According to the sizes of the PAGs calculated from EBSD, the CCT diagrams were plotted using the models of Kirkaldy [30, 31] and Bhadeshia [32] . From these diagrams, the transformation starting temperatures for bainite (Bs) can be seen in Figure 13 . During the calculation, the chemical temperature for the given chemical composition was 310 °C. Papaefthymiou et al. [9] have shown that during UFH treatment, heterogeneity is expected not only in the grain size but also in the chemical composition. However, calculations were based on the assumption of the homogeneous grain structure, homogeneous chemical compositions and equilibrium conditions. Therefore, the theoretical results were expected to differ from the experimental ones, as microstructure formed during UFH treatment was characterized by an inhomogeneous grain size and chemical gradients. Figure 13 . The bainite (Bs) temperature calculated in the continuous cooling transformation (CCT) diagrams [30] [31] [32] for variating PAG sizes for the studied chemical composition. For a cooling rate of 65 °C/s, formation of bainite is expected for grains having a size between 1-8 μm.
Conclusions
In this article, the effect of ultra-fast heating on the microstructure of Dual Phase steels was studied. To evaluate this, the microstructure of the ultra-fast heated sample was compared with the microstructure of a conventionally heated sample.
It is shown that very short heating time during ultrafast heating significantly impeded the decomposition of pearlite of the initial microstructure. Instead, spheroidization of the cementite in pearlite took place during both heat treatments. This process was more pronounced in the conventional heat treatment because of the longer heating time. The undissolved cementite led to microstructure refinement by suppressing the movement of grain boundaries and thus, the growth of austenite. This grain refinement was more pronounced in the ultra-fast heated sample because of the lack of time for austenite grain growth and because of the less advanced disintegration of pearlite. Therefore, the microstructure consists of ferrite, martensite, undissolved cementite, while traces of retained austenite were also found inside the partially disintegrated pearlitic colonies. The cementite in these colonies appeared in both lamellar and spheroidized structures. It also contributed to the refinement of the microstructure and favored the retainment of austenite by the increase of the local Figure 13 . The bainite (B s ) temperature calculated in the continuous cooling transformation (CCT) diagrams [30] [31] [32] for variating PAG sizes for the studied chemical composition. For a cooling rate of 65 • C/s, formation of bainite is expected for grains having a size between 1-8 µm.
It is shown that very short heating time during ultrafast heating significantly impeded the decomposition of pearlite of the initial microstructure. Instead, spheroidization of the cementite in pearlite took place during both heat treatments. This process was more pronounced in the conventional heat treatment because of the longer heating time. The undissolved cementite led to microstructure refinement by suppressing the movement of grain boundaries and thus, the growth of austenite. This grain refinement was more pronounced in the ultra-fast heated sample because of the lack of time for austenite grain growth and because of the less advanced disintegration of pearlite. Therefore, the microstructure consists of ferrite, martensite, undissolved cementite, while traces of retained austenite were also found inside the partially disintegrated pearlitic colonies. The cementite in these colonies appeared in both lamellar and spheroidized structures. It also contributed to the refinement of the microstructure and favored the retainment of austenite by the increase of the local carbon content. Indications for the presence of bainite in the microstructure were also found. The grain refinement enables the formation of bainite in the microstructure during quenching according to model calculations and EBSD analysis. The inhomogeneity of the chemical composition was another reason for the formation of bainite. Alloying elements such as Mn and Cr were found in the undissolved cementite after both heat treatments. High concentrations of these elements were also found in martensite laths for the ultra-fast treated sample, while in the conventionally treated sample, homogenization of the chemical composition was achieved.
The lack of heating time also retarded the recrystallization of ferrite, which took place simultaneously with the α → γ phase transformation thus maintaining the cold-rolled texture of the initial material. Rearrangement of the dislocations and their partial annihilation (i.e., recovery) was achieved during conventional treatment resulting in the formation of low angle grain boundaries before recrystallization. This was not observed during ultra-fast heat treatment. The recrystallization of ferrite was partially impeded during rapid heating. This led to two types of ferrite in the microstructure of the steel, recrystallized and non-recrystallized. These types of ferrite and the presence of dislocations in the microstructure affected the local Ac1 temperature favoring the nucleation of austenite grains. The increased number of austenite nuclei and the impeding of their growth due to the short heating times plus the pinning from the undissolved cementite is another reason for the microstructure refinement. Therefore, ultra-fast heating can be used as an alternative method to produce ultra-fine grained dual phase steels.
Further studies are imperative and in order for this grade with the scope to determine the dependence of its mechanical properties on the refined mixed microstructure and the chemical composition of its constituents. This research is the stepping stone for the production of commercial DP grades minimizing their treatment time while maintaining the desired strength/ductility ratio.
